Introduction
In developing approaches to anti-human immunodeficiency virus (HIV) gene therapy, the inhibitory properties of antisense RNA can be exploited to bring about selective inhibition of viral gene expression. Inhibition of specific genes with stably integrated antisense DNA templates (also called antisense genes) was first demonstrated in bacteria by Pestka et al. (1984) and Coleman et al. (1984) and in eukaryotic cells by Izant & Weintraub (1984) . In these cases, the cells are genetically altered to continuously express antisense RNA, which leads to the inhibition of the target gene in the transduced cells. Genetic alteration of cells mediated via gene transfer, leading to the inhibition of virus replication, has been termed intracellular immunization (Baltimore, 1988) , and the use of antisense RNA represents one approach to achieve such inhibition. Retroviral vectors are widely used for introduction of transgenes, gene therapeutic antiviral agents and expression of antisense or sense RNA in different cells. The ability of vectors producing antisense RNA and were then challenged by HIV infection. We have shown that the endogenously expressed antisense RNA containing the natural open reading frame inhibits HIV-1 IIIB and HIV-1 NDK replication in these cells. The level of inhibition varied according to the cells, but was significant in all cases. The production of HIV-1 (BRU, IIIB, NDK) mRNAs was also significantly decreased. HIV-2 replication was not inhibited by expression of the antisense RNA. Our results also suggest that this inhibitory effect is due to the antisense RNA and not to the protein which is encoded by this sequence. retroviral vectors to integrate into the genome of target cells renders them effective gene transfer vehicles. Retrovirus vectors are useful reagents for the efficient transfer of functional HIV proteins and the establishment of cell lines constitutively expressing these genes (Eglitis & Anderson, 1988 ; Palmer et al., 1989 ; Morgenstern & Land, 1990 ; Purcell et al., 1996) . The efficacy of anti-HIV gene therapy via retroviral vectors has been tested in different T-cell lines and in primary CD4 + T-lymphocytes (Rhodes & James, 1990 Sczakiel et al., 1992 ; Garcia & Miller, 1994 ; Chuah et al., 1994 ; Duan et al., 1994 ; Vandendriessche et al., 1995 ; Sun et al., 1995 ; Lisziewicz et al., 1995 ; Kim et al., 1996) .
For our study we have chosen the sequence of the HIV-1 BRU open reading frame (ORF) on the plus strand of the genomic DNA, which was first described by Miller (1988) . This HIV-1 BRU ORF is capable of encoding a protein (ASP, in vitro, and antibodies against ASP were detected in sera from HIV-1 + individuals (Vanhe! e et al., 1995) . HIV-1 antisense RNA transcripts have been detected in cell lines acutely and chronically infected with HIV-1 (Vanhe! e et al., 1995) and in peripheral blood mononuclear cell samples using RT-PCR (Michael et al., 1994) . One of these transcripts encodes a previously described ORF. This ORF is located across the gp120-gp41 boundary and encodes a 189 amino acid protein ( Fig. 1 ). This region is highly conserved among HIV-1 isolates. Moreover, this antisense sequence contains 180 nucleotides which are complementary to the Rev response element (RRE), a highly structured RNA found in all unspliced and singly spliced HIV transcripts (Olsen et al., 1990 ; Holland et al., 1990) . Binding of RRE with Rev protein is required for the cytoplasmic expression of these transcripts (Malim et al., 1990) . For these reasons, we were interested in studying HIV-1 replication and gene expression under conditions of overexpression of the natural antisense-RNA-containing ORF. Stable secondary structures within the complementary region may prevent formation of the hybrid with the target mRNA (Rhodes & James, 1990 . On the other hand, sense-antisense interactions in vivo may not be simple ' zipper ' processes but may require specific structural features of the RNA and possibly also the involvement of helper proteins to mediate RNA-RNA interactions (Nellen & Lichtenstein, 1993) . At the same time, the existence of an AUG or an ORF may be deleterious for antisense RNA (Inouye, 1988) .
In the design of anti-HIV gene therapy strategies, it is important to specifically target essential and conserved HIV genes or cis-acting elements. In this study, we addressed the question of whether a stably expressed natural antisense RNA could inhibit virus replication. We also asked if the antisense protein encoded by this negative-strand ORF was implicated in the modulation of HIV-1 replication and gene expression. For this purpose, different cell lines expressing this RNA were established ; as a control we used cells stabilized with a retroviral vector lacking the antisense insert, or a vector with a mutated insert not producing ASP.
Methods
Expression vectors. Retroviral vector pLAS BRU SN was used to stably express the antisense RNA. The antisense HIV-1 BRU ORF was obtained by PCR using primers designed to amplify a 570 bp fragment from the vector pE∆H with the addition of BamHI sites (Ellerbrok et al., 1993) . This fragment was then inserted into the BamHI site of retroviral vector pLXSN under the transcriptional control of Moloney MuSV LTR (Miller & Rosman, 1989) . The antisense construct, as well as the empty vector, was transfected into retroviral ψCRIP packaging cells (Danos & Mulligan, 1988) .
Two vectors were obtained : pRc\CMVAS and pRc\CMVASmut, producing or not producing the antisense protein, respectively. The fragment corresponding to the antisense HIV-1 BRU ORF was introduced at the XbaI and HindIII sites of the pRc\CMV vector (Invitrogen). The fragment expressing antisense RNA with a mutated AUG codon was obtained by site-directed mutagenesis (Hemsley et al., 1989) . All subcloning experiments were carried out via standard recombinant DNA techniques (Sambrook et al., 1989) and oligonucleotides were synthesized by GIBCO BRL.
Cell culture and construction of antisense-RNA-expressing cell lines. The T cell lines A3.01 and chronically infected ACH-2 (NAIDS) as well as CEM and Jurkat cells were maintained in RPMI supplemented with 0n30 mg\ml -glutamine, antibiotics and 10 % heatinactivated foetal calf serum. Adherent cells were grown in Dulbecco's modified Eagle's (DMEM) medium with 0n30 mg\ml -glutamine, antibiotics, 10 % heat-inactivated new-born calf serum (ψCRIP) or 10 % foetal calf serum (HeLa). All media and supplements were purchased from GIBCO BRL. Cells were incubated at 37 mC in an atmosphere containing 5% CO # . Transfections of ψCRIP monolayers were performed by the calcium phosphate precipitation method (Wigler et al., 1979) with glycerol treatment. Briefly, 3 µg of plasmid DNA was precipitated and added to subconfluent cultures in 35 mm diameter dishes. After 18-20 h the precipitate was removed and washed once with PBS. Glycerol (15 % in 1iHanks' buffered saline) was added to the monolayers and incubated for 1 min at 37 mC. Then the cells were washed and supplied with fresh medium. The medium was replaced after 2 days with the selective medium for the isolation of stable transformants. For G418 (Gibco BRL) selection, the ψCRIP packaging cells were selected with 0n5 mg G418\ml. Neomycin-resistant cell populations were obtained 4-5 weeks later.
Lymphocytic cells (A3.01, ACH-2, CEM, Jurkat) were infected during a 48 h cocultivation period with stable retroviral transformants. At this time, lymphoid cells were harvested and suspended at each passage at a concentration of 3i10& viable cells\ml in fresh medium. For G418 CFAE selection haematopoetic cells were grown in the presence of 1 mg of antibiotic\ml. Neomycin-resistant cell populations obtained 3-4 weeks later were initially screened for the presence of antisense RNA by Northern blot hybridization. Cell populations obtained by infection using the empty vector (mock) were kept as a negative control.
Peripheral blood lymphocytes (PBLs) were prepared from leukopacks of healthy donors by Ficoll-Hypaque gradient centrifugation and were then stimulated for 48-72 h with phytohaemagglutinin (Sigma ; 5 mg\ml). The stimulated PBLs were transduced by exposure to retroviralproducer cells (for 18 h), selected with G418 (0n5 mg\ml) for 7-10 days and expanded for an additional 2-5 days in the absence of G418 as described Vandendriessche et al., 1995) . It was not possible to completely eliminate the nontransduced cell fraction by augmenting the G418 concentration without causing significant cell mortality and morbidity. Cell viability was determined by trypan blue exclusion from live cells ; the viable cells were subsequently used for HIV challenge. Throughout all experiments, the PBLs were maintained in RPMI 1640 medium supplemented with 10 % foetal bovine serum, 1 % essential amino acids and human recombinant interleukin-2 at 20 units\ml.
HeLaCD4 cells were transiently transfected by the calcium phosphate precipitation method with glycerol treatment, as described above. All transient transfection experiments were performed in duplicate and repeated three times. After 24 h, the medium was replaced with fresh medium and cell populations were challenged with cell-free HIV.
For the isolation of HeLaEnv stable transformant (expressing antisense RNA with or without ASP) (Dragic et al., 1992) , cells were selected with 0n5 mg\ml of G418 after transfection by the calcium phosphate precipitation method with glycerol treatment. Neomycin-resistant cell populations (designated HeLaEnv as ; HeLaEnv asmut) were obtained 4-5 weeks later. The cell population obtained by transfection of the empty pRc\CMV vector was kept as a negative control (HeLaEnv mock).
Virus strains and infectivity assays. Laboratory strain HIV-1 IIIB was obtained from chronically infected H9 cells. To produce cell-free HIV-1 NDK , HIV-2 ROD and HIV-2 EHO three different CEM polyclonal populations chronically infected by these viruses were used. The infectivity of HIV isolates was tested in a syncytium formation and β-galactosidase assay. Briefly, monolayers of HeLaCD4 cells carrying a Tatinducible lacZ gene were exposed to chronically infected cell lines in coculture for 12-24 h, as described previously for similar assays (Clavel & Charneau, 1994 ). Wells with monolayers were then washed in PBS, fixed for 5 min in 0n5 % glutaraldehyde, and stained with a 5-bromo-4-chloro-3-indolyl β--galactopyranoside (X-Gal) solution for 4 h. In the absence of viral particles, no β-galactosidase-expressing cells could be detected. After 24 h, in typical experiments, most of the HeLaCD4 cells were associated with large blue syncytia.
Supernatants from culture of HIV-infected cells were prepared by centrifugation for 10 min at 2000 r.p.m. twice to remove debris. Viruscontaining supernatants were then filtered (pore size 0n45 µm) and p24 content was determined by ELISA (Innotest HIV antigen kit, Innogenetics, NV). Virus stocks were stored at k80 mC. Innotest ELISA allows the detection of p24 core antigen of both HIV-1 and HIV-2 isolates.
HIV superinfections. HIV infection of A3.01, CEM, Jurkat, PBLs and HeLaCD4 cells was performed by incubating the cells with viral supernatants previously adjusted for identical concentrations of p24. All infections were performed in duplicate and repeated three to five times. For each infection, 10' cells were resuspended in 1 ml of supplemented fresh medium containing 50 ng of total HIV p24. We also studied the inhibition of HIV-1 IIIB replication in Jurkat and CEM cell lines with various initial doses of cell-free p24 : 25, 50 or 75 ng. The cell-virus mixtures were incubated at 37 mC for 2 h, and the cells were washed three times with PBS to remove unbound virus. The infected cells were suspended in 2 ml of medium for continued incubation. Every 3-4 days virus replication was monitored by testing p24 yield in the cellular supernatants by ELISA.
RNA and protein analyses. Total cellular RNA was extracted from cells after HIV infections, or for ACH-2 after activation with phorbol myristate acetate (PMA) (Folks et al., 1988) , using TRIzol (GIBCO) or RNeasy (Qiagen) and 2-10 µg samples were denatured (glyoxal-DMSO) and electrophoresed in an agarose gel. The RNA was transferred to Hybond N filters (Amersham) by SSC blotting. pLas BRU SN RNA and HIV-1 mRNA were detected using specific (sense or antisense) riboprobes as described (Ausubel & Kingston, 1987 ; Serpente et al., 1992) . Immunoblot analyses were performed as described by VanSlyke et al. (1991) . HeLaEnv cells transfected with antisense expression vectors pRc\CMVAS and pRc\CMVASmut were washed in PBS pH 7n0, and lysed by boiling for 5 min in an SDS-PAGE sample buffer (50 mM Tris pH 6n8; 1%, w\v, SDS ; 0n1%, v\v, 2-β-mercaptoethanol ; 1 %, v\v, glycerol). As controls, HeLaEnv cells transfected with the empty vector were used. The proteins were separated on SDS-PAGE and electrotransferred to PVDF filters in Tris-glycine methanol buffer. Western blotting was done with HIV-1 IIIB gp120 antiserum (NAIDS).
Results

HIV-1 IIIB and HIV-1 NDK replication is inhibited in different cells by expression of antisense HIV BRU RNA
To determine the effect of the antisense HIV-1 BRU RNA in the modulation of HIV expression, different cell populations expressing this RNA were constructed. Total RNA extracted from all antisense T-cell populations was tested by Northern blot hybridization to verify expression of the retroviral antisense RNA sequence. Molecular analyses showed that the retroviral vector promotes efficient expression of antisense RNA HIV-1 BRU (see Northern blots), with no detectable sense transcript in transduced cells. These cell populations were challenged with 50 ng of cell-free p24 per 10' cells. HIV-1 replication was measured by ELISA for the HIV p24 in supernatant, as described in Methods. We compared extracellular virus production by different cell populations expressing antisense RNA with that obtained from control (mock) cells. As shown in Fig. 2 (a, b) at all time-points after infection extracellular virus production was substantially less in antisense cell populations than in control cells. Virus replication varied between 0 and 25 % of the control level in Tlymphoid cell lines stably expressing antisense RNA for both HIV-1 strains. Transient expression of antisense RNA in the HeLaCD4 cells showed 40 and 47 % of HIV-1 IIIB and HIV-1 NDK replication, respectively.
To establish if the expression of this antisense RNA inhibits HIV-1 replication in primary haematopoetic cells, challenge experiments were done on transduced PBLs. Under the same conditions of HIV-1 infection, p24 production was markedly CFAF N. E. Tagieva and C. Vaquero N. E. Tagieva and C. Vaquero reduced : only 8 % of virus replication was observed for HIV-1 IIIB (Fig. 2 a) and 12 % for HIV-1 NDK (Fig. 2 b) relative to PBLs transduced with control vector.
To evaluate whether the inhibitory effect of antisense expression is dose-dependent, Jurkat and CEM transduced cell populations were challenged with different initial doses of HIV-1 IIIB virus. Our results showed that the level of inhibition depended on the HIV challenge dose and was significant at 25 ng of cell-free virus per 10' cells at all times tested (Fig. 2 c) . Indeed, the HIV-1 IIIB replication in the Jurkat antisense population increased from 2 % of control level to 60 % for a challenge dose of 75 ng\10' cells.
Inhibition of virus replication by the antisense RNA is sequence-specific
The transduced cell populations (HeLaCD4, A3.01, Jurkat, CEM) were challenged with HIV-2 ROD (Fig. 3 a) and HIV-2 EHO (Fig. 3 b) isolates (initial dose of HIV-2 isolates was We checked the expression of antisense RNA in transduced cell lines by Northern hybridization with an antisense RNAspecific probe (Fig. 4 a) . As expected, no hybridization was detected to RNA transcribed from the vector alone (lane 3).
To determine whether the observed inhibitory effect of antisense RNA expression on virus replication may be due to changes in HIV-specific mRNA levels, we first used chronically infected ACH-2 cells (Folks et al., 1985) . As reported, these cells harbour a single integrated copy of the HIV-1 BRU viral genome in a minimally productive state and viral production occurs via PMA activation (Folks et al., 1988) . Therefore, total RNA was extracted from control and antisense transduced ACH-2 cells after activation with PMA (24 h). Secondly, uninfected transduced A3.01 and Jurkat cells were analysed after HIV-1 challenge experiments (on day 3 or 5). Total cellular RNA was probed with a riboprobe complementary to the env coding region. RNA blot-hybridization (Northern) analysis demonstrated significant changes in the mRNA profile. Fig. 4 (b) shows the inhibition of the HIV-1 genomic RNA (9n2 kb) and spliced mRNAs : 4n2 kb mRNA (env) and 2 kb mRNA (tat\rev). The same membrane was subsequently hybridized with an antisense-RNA-specific probe. The level of antisense HIV-1 BRU RNA transcript (Fig. 4 a) is decreased after HIV gene expression (Fig. 4 c) . The low level of antisense RNA could be caused by the selective degradation of doublestranded RNA hybrids.
HIV-1 inhibition occurs even in the absence of antisense protein expression
To determine whether expression of the antisense protein (ASP) could affect HIV-1 replication and gene expression, virus production was examined in HeLaCD4 cells transiently transfected with ASP producing (pRc\CMVAS) and not producing (pRc\CMVASmut) vectors. The p24 antigen detection shows the same decrease of HIV-1 replication for both vectors (Fig. 5 a) . We analysed HIV-1 mRNA expression in the HeLaCD4 antisense population not producing ASP and in control cells by Northern blots (Fig. 5 b) . Our data show that the accumulation of three major HIV-1 RNA species is reduced in both transduced cells. We next examined whether stably expressed ASP can modulate HIV-1 Env expression. For this purpose, HIV-1 BRU Env-producing HeLa cells were transfected with the same vectors. Cell proteins were extracted as described in Methods. Fig. 5 (c) illustrates Western blot analysis with HIV-1 gp120 antiserum. No difference in restriction of Env expression was observed between the two antisense cell populations. Env expression was greatly diminished in both populations.
CFAH N. E. Tagieva and C. Vaquero N. E. Tagieva and C. Vaquero 
Discussion
As outlined in the Introduction, the natural antisense HIV-1 BRU RNA is expressed in acutely and chronically infected cell lines and PBLs, and is conserved among different isolates of HIV-1. We determined that the expression of the antisense HIV-1 BRU ORF can regulate HIV replication and gene expression. Moreover, this regulation is not restricted to particular cell types.
As previously shown, the length of RNA duplexes mediates their effects on regulation of gene expression, and long antisense RNAs expressed in cells can inhibit the replication of the heterologous strains of HIV-1 (Rhodes & James, 1991) . Rhodes & James showed that the expression of antisense RNA (600 bp) which was complementary to the env gene (region between 5325 EcoRI and 5926 KpnI sites ; see Retroviral vectors have been chosen for expression of this antisense RNA in various T-lymphocytic cell lines. Human Tlymphocytic cell lines are biologically different from primary PBLs. Primary cells are the major targets for HIV infection and replication, and one of the limitations of most anti-HIV gene therapy studies is that the efficacy of these strategies has been assessed with T-cell lines. To overcome this limitation, we have transduced PBLs to test the efficacy of antiviral constructs to inhibit HIV-1 expression in these cells. As in T-cell lines, HIV-1 IIIB and HIV-1 NDK p24 production was markedly reduced in the PBLs expressing antisense RNA, although it was not possible to completely eliminate the nontransduced cell fraction. These results demonstrate that retroviral vectormediated expression of an antisense HIV-1 BRU RNA can inhibit heterologous strain HIV-1 replication in primary Tlymphocytes.
In addition, the inhibitory effect of this natural antisense RNA is dose-dependent and sequence-specific. HIV-1 challenge experiments were performed at various doses of cell-free p24, to determine whether protection against HIV-1 persisted when the amount of input virus was increased. Our studies consistently revealed that inhibition of HIV-1 production was decreased when the transduced T-lymphocytes were challenged with higher doses of HIV-1 virus. The effectiveness of an antisense RNA inhibition strategy is dictated in part by the ratio of antisense RNA to its target sequence in the cell. We used cell populations rather than individual cell clones in order to have a wide range of cell variability in all cell populations and minimize the intrapopulation difference. It might be suggested that some of the transduced cells in the population express lower levels of the antisense RNA and may not be protected with a higher dose of HIV-1. Our results are consistent with the observations of others that expression of HIV-1 genes could not suppress virus replication in T-cell lines and primary CD4 + T-lymphocytes that were challenged with a higher dose of HIV-1 virus (Sczakiel et al., 1992 ; Chuah et al., 1994 ; Vandendriessche et al., 1995) . Comparison of HIV BRU and HIV IIIB antisense sequences shows 98 % identity, but HIV BRU and HIV NDK show only 86 % identity. The antisense region of HIV-2 ROD and HIV-2 EHO shows 58 % identity with HIV-1 BRU . HIV-2 replication was not suppressed by expression of HIV-1 BRU antisense RNA. Thus we can conclude that the inhibitory effect of natural antisense RNA is sequencespecific.
The natural antisense HIV BRU RNA contains a sequence (180 bp) that is complementary to RRE. RRE is found in fulllength and singly spliced HIV transcripts, and HIV-1 structural gene expression requires the specific interaction of HIV-1 Rev protein with RRE (Olsen et al., 1990 ; Holland et al., 1990 ; Malim et al., 1990) . A recent study on the inhibition of HIV-1 by expression of the Rev response element has shown that both sense and antisense RREs inhibit HIV replication in COS and SupT1 cells. It was therefore supposed that the expression of sense and antisense RRE might inhibit Rev function (Kim et al., 1996 ; Churchill et al., 1996) . Our results also demonstrate the ability of the naturally occurring antisense RNA containing the antisense RRE to suppress HIV gene expression and mRNA accumulation in susceptible cells. We can thus suggest that once RNA duplexes are formed they become targets for nucleases that degrade the dsRNA region and consequently HIV mRNA accumulation is reduced. The abundance of antisense transcript is also diminished in the transduced cells. Taken together, these data suggest that inhibition of Rev function and degradation of HIV mRNA can result in lower levels of all classes of HIV-specific mRNA. The molecular details of this presumed dsRNA degradation will require further research. This report also provides data on inhibition of de novo infectivity (the protection of uninfected cells : A3.01, CEM, Jurkat, PBLs) and data related to inhibition of viral expression in chronically infected cells : ACH-2. ACH-2 is a Tcell clone, derived from A3.01 cells infected with HIV-1 BRU . ACH-2 cells are a good in vitro model for post-integration HIV latency. Expression of HIV-1 genes per se is affected by stably expressed antisense RNA.
It was important to determine whether the antisense protein can modulate the HIV-1 expression. For this purpose, virus replication was studied in cell populations transfected with a plasmid carrying the antisense RNA with a mutated AUG codon. To investigate whether inhibition of HIV-1 CFAJ N. E. Tagieva and C. Vaquero N. E. Tagieva and C. Vaquero replication was due to the antisense protein or only to antisense RNA, virus replication was studied in two antisense populations : one expressing this protein and another expressing only the antisense RNA. Results suggested that ASP protein is not implicated in HIV-1 inhibition. In addition, we showed that suppression of Env expression in HeLaEnv cells depends on antisense RNA, not on protein. In summary, the protein encoded by the HIV-1 BRU antisense RNA appears not to be involved in inhibition of HIV-1 expression.
As previously shown, the natural antisense HIV-1 sequence is conserved among different HIV-1 isolates and expressed in different cells (Miller, 1988 ; Michael et al., 1994 ; Vanhe! e et al., 1995) . Moreover, a negative-strand HIV-1 promoter has recently been found (Michael et al., 1994) . Based on these data, we tested the function of this antisense RNA in HIV-1 expression by its overexpression in different cells. Our results may allow further advances in understanding how this natural negative-strand transcript works. These studies will not only increase our basic knowledge of gene regulation but will also improve the design of antisense RNAs for use in antiviral gene therapy.
